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Plant damage promotes the interaction of lipoxygenases (LOXs)
with fatty acids yielding 9-hydroperoxides, 13-hydroperoxides,
and complex arrays of oxylipins. The action of 13-LOX on linolenic
acid enables production of 12-oxo-phytodienoic acid (12-OPDA)
and its downstream products, termed “jasmonates.” As signals,
jasmonates have related yet distinct roles in the regulation of
plant resistance against insect and pathogen attack. A similar
pathway involving 9-LOX activity on linolenic and linoleic acid
leads to the 12-OPDA positional isomer, 10-oxo-11-phytodienoic
acid (10-OPDA) and 10-oxo-11-phytoenoic acid (10-OPEA), respec-
tively; however, physiological roles for 9-LOX cyclopentenones
have remained unclear. In developing maize (Zea mays) leaves,
southern leaf blight (Cochliobolus heterostrophus) infection re-
sults in dying necrotic tissue and the localized accumulation of
10-OPEA, 10-OPDA, and a series of related 14- and 12-carbon me-
tabolites, collectively termed “death acids.” 10-OPEA accumulation
becomes wound inducible within fungal-infected tissues and at
physiologically relevant concentrations acts as a phytoalexin by
suppressing the growth of fungi and herbivores including Asper-
gillus flavus, Fusarium verticillioides, and Helicoverpa zea. Unlike
previously established maize phytoalexins, 10-OPEA and 10-OPDA
display significant phytotoxicity. Both 12-OPDA and 10-OPEA pro-
mote the transcription of defense genes encoding glutathione S
transferases, cytochrome P450s, and pathogenesis-related pro-
teins. In contrast, 10-OPEA only weakly promotes the accumula-
tion of multiple protease inhibitor transcripts. Consistent with a
role in dying tissue, 10-OPEA application promotes cysteine pro-
tease activation and cell death, which is inhibited by overexpres-
sion of the cysteine protease inhibitor maize cystatin-9. Unlike
jasmonates, functions for 10-OPEA and associated death acids
are consistent with specialized roles in local defense reactions.
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In plants, cellular damage results in the enzymatic and non-enzymatic peroxidation of fatty acids (FAs) termed “oxylipins.”
Enzymatic biosynthesis can be initiated by lipase-based cleavage
of linoleic acid (18:2) or α-linolenic acid (18:3) from membrane
lipids and subsequent dioxygenation by lipoxygenases (LOXs)
with regiospecificity at carbons 9 or 13. Specific oxylipins func-
tion as direct antimicrobial defenses and plant signaling mole-
cules that regulate diverse processes including development,
reproduction, stress acclimation, and innate immune responses
against pests and pathogens (1–3).
The most studied 13-LOX 18:3-derived plant oxylipins are
12-oxo-phytodienoic acid (12-OPDA) and jasmonic acid (JA). Bio-
synthesis requires conversion of 13-hydroperoxides to unstable
epoxides via allene oxide synthase (AOS), cyclization by allene
oxide cyclase (AOC) to form 12-OPDA, reduction of the cyclo-
pentenone ring by 12-oxo-phytodienoic acid reductase (OPR),
and subsequent β-oxidation steps to produce (+)-7-iso-JA (1, 4)
(Fig. 1F). JA is further conjugated by jasmonate resistant 1
(JAR1) to its bioactive form, JA-Ile, which mediates formation of
the Coronatine Insensitive (COI1)-Jasmonate Zim domain
(JAZ) family complex to promote gene expression (5, 6). Diverse
roles for JA and 12-OPDA as signals include developmental
processes and inducible defenses against biotic threats (1–3, 7).
Genetic evidence in maize (Zea mays) supports a role for JA
biosynthesis in the survival of biotic stress, regulation of senes-
cence, and cell death processes mediating male sex determination
(8, 9). As a precursor, 12-OPDA can trigger developmental
processes and defense signaling different from JA-Ile (10–12).
During physiological stress, 12-OPDA binds cyclophilin 20–3
which facilitates recruitment of a cysteine synthase complex
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leading to elevated glutathione levels and cellular redox homeo-
stasis (11). 12-OPDA signaling is partly dependent upon TGA
transcription factors that govern detoxification responses such as
OPRs, glutathione S transferases (GSTs) and cytochrome P-450s
(CYPs) consistent with a role in cell protection and survival (13, 14).
The activity of structurally related nonenzymatic cyclopentenone
oxylipins, such as the phytoprostanes, overlap with 12-OPDA–
regulated defense responses (13, 15, 16). In the context of non-
enzymatic lipid signals, many reactive electrophile species can
promote cell protection by inducing genes responsible for de-
toxification, cell cycle regulation, and chaperones (17).
In addition to jasmonates, specific 9-LOX oxylipins also in-
fluence seed germination, root growth, and senescence as well as
mediation of either susceptibility or resistance to pests and
pathogens (18–22). As direct defenses, 9-LOX oxylipins can act
as phytoalexins; for example, colneleic and colnelenic acids are
pathogen inducible and inhibitory to Phytophthora infestans (23).
As mediators, metabolites derived from the 9-LOX pathway in
pepper (Capsicum annuum) and Arabidopsis positively regulate
defense and cell death responses to diverse pathogens (21).
Despite numerous studies linking the 9-LOX pathway to cell
death processes (24–26), many oxylipin identities, activities, and
links to enzyme activation remain unknown (27, 28). As
a positional isomer of 12-OPDA, the 9-LOX oxylipin 10-oxo-
11,15-phytodienoic acid (10-OPDA) and the 18:2-derived 10-oxo-
11-phytoenoic acid (10-OPEA) are structurally similar to jasmonates
(29). In potato (Solanum tuberosum), cis-10-OPEA is formed as
a racemic product of 9-AOS–derived 9,10-epoxyoctadecadienoic
acid (9,10-EOD) that is inefficiently cyclized in the absence of
AOC (29, 30). Similarly, the 9-LOX/AOS pathway in tomato
(Solanum lycopersicum) can act on 18:3 to yield 10-OPDA (31).
These studies draw attention to the possibility of downstream 9-LOX
derivatives of 10-OPEA and 10-OPDA; however, the existence
of additional jasmonate-like metabolites has remained elusive.
While searching for defense-related metabolites present in
southern leaf blight (SLB; Cochliobolus heterostrophus) infected
maize, we detected high levels of 10-OPEA and a series of re-
lated cyclopente(a)none oxylipins. Localized within dying and
necrotic tissues, we collectively refer to 10-OPEA, 10-OPDA,
and derivatives as “death acids” (DAs). As direct defenses, levels
of 10-OPEA produced in diseased tissues after wounding match
those of known maize phytoalexins [>100 μg·g−1 fresh weight
(FW)] and can impair growth in pathogens, insects, and plant
cells. In contrast to 10-OPEA and 10-OPDA, previously estab-
lished maize phytoalexins sharing reactive α,β-unsaturated
carbonyls lack significant phytotoxicity in maize. Exogenous ap-
plication of 10-OPEA to plant tissues strongly induces defense
genes, cysteine protease activity, and common cell death symp-
toms including lesions, ion leakage, and DNA fragmentation.
Unlike JA and 12-OPDA, 10-OPEA and related DAs elicit sig-
nificantly lower transcriptional up-regulation of multiple protease
inhibitors (PIs) including the maize cystatin-9 (ZmCC9), a neg-
ative regulator of apoplastic mediated cell death (27). Over-
expression of ZmCC9 reduces the extent of 10-OPEA–induced
lesions and provides a mechanistic link to the cytotoxic action
in maize.
Results and Discussion
Identity of Cyclopente(a)none Death Acids in Maize. To elucidate
pathogen-induced defense metabolites in maize, we conducted
metabolic profiling of SLB-infected tissues. Among the analytes
were the rarely encountered 9-LOX derived cyclopentenones,
10-OPEA, 10-OPDA, and seven other related yet unknown
cyclopente(a)nones (Fig. 1A) (29, 31). To establish identities, we
performed a large-scale purification of these analytes and used 1H
and 13C NMR spectroscopy (SI Appendix, Table S1). Chem-
ical and electron ionization (CI/EI) mass spectrometry of the
corresponding methyl esters provides useful diagnostic spectra of
these 10-OPEA and 10-OPDA derivatives (Fig. 1 B–E and SI
Appendix, Fig. S1). Additional related isomerization products of
10-OPEA, including iso-10-OPEA were also identified (SI Ap-
pendix, Table S1) (29). Given multiple FA precursors and addi-
tional anticipated metabolites, we assigned each DA according
to the number of carbons in the carboxylic acid side chain (e.g.,
DA-X), the presence/absence of a double bond in the cyclopente
(a)none ring (e.g., DA-X:1 or DA-X:0), and its FA origin (e.g.,
18:2 = DA0; 18:3 = DA1). In our proposed model, DA biosynthesis
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Fig. 1. Identity, spectra, and conceptual working model for the biosynthetic
pathway of death acids (DAs) derived from linoleic and linolenic acid.
(A) Combined purified standards showing GC retention times (trans/cis pairs:
min) and predominant positive-CI MS [M+H]+ ions of DA0-2:0, DA1-2:0, DA0-4:0,
DA1-4:0, DA0-4:1, iso-DA0-4:1,10-OPEA, 10-OPDA, and iso-10-OPEA as methyl
esters. Comparative EI spectra of purified linoleic acid-derived DAs as methyl
esters: (B) 10-OPEA, (C) DA0-4:1, (D) DA0-4:0, and (E) DA0-2:0. (F) Pro-
posed model of death acid biosynthesis with respect to the jasmonic acid
pathway. Red dashed arrows indicate the presence of predicted enzyme
activities requiring future confirmation. Abbreviations are as follows: lip-
oxygenase (LOX), allene oxide synthase (AOS), allene oxide cyclase (AOC),
12-oxo-phytodienoate reductases (OPR), linolenic acid (18:3), linoleic acid (18:2),
9-hydroperoxy-10,12-octadecadienoic acid (9-HPOD), 9-hydroperoxy-10,12,15-
octadecatrienoic acid (9-HPOT), 13-hydroperoxy-10,12,15-octadecatrienoic acid
(13-HPOT); 9,10-epoxyoctadecatrienoic acid (9,10-EOT); 9,10-epoxyoctadecadienoic
acid (9,10-EOD); 12,13-epoxyoctadecatrienoic acid (12,13-EOT); 10-oxo-
11,15-phytodienoic acid (10-OPDA); 10-oxo-11-phytoenoic acid (10-OPEA);
12-oxo-10,15-phytodienoic acid (12-OPDA); 3-oxo-2-(2′-pentenyl)-cyclopentane-
1-octanoic acid (OPC-8:0), and hexanoic acid (OPC-6:0).
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initiates with 9-LOX activity on 18:2 and 18:3 to form 9-hydroperoxides
followed by 9-AOS–mediated allene oxide formation (30, 31).
Analysis of ZmLOX and ZmAOS gene expression from SLB-
infected leaves indicated that ZmLOX3/4/5 and ZmAOS1/3 are
candidate genes for the initial steps in pathogen-induced DA
biosynthesis (SI Appendix, Fig. S2). SLB-infection screening of
available single and double LOX mutants, including Zmlox3,
Zmlox4, Zmlox5, Zmlox3/5, and Zmlox4/5, showed no significant
reduction in 10-OPEA production (SI Appendix, Fig. S2). This
suggests that multiple LOXs provide substrates for DA bio-
synthesis, similar to the complexity observed for JA biosynthesis
(32). In contrast to the AOC-mediated enzymatic cyclization
of 12,13-epoxyoctadecatrienoic acid yielding pure (9S,13S)-12-
OPDA [i.e., cis(+)-12-OPDA] in potato and tomato, cis-10-
OPEA and cis-10-OPDA are formed as minor racemic (9S,13S
and 9R,13R) cyclization products of AOS-derived 9-allene ox-
ides, which are predominantly hydrolyzed to α-ketols (29, 30, 33).
Analysis of these relationships in maize unexpectedly revealed
that inducible levels of cis-10-OPEA exceeded those of the
predicted dominant α-ketol (9-hydroxy-10-oxo-12(Z)-octadecenoic
acid) product by more than 15-fold (SI Appendix, Fig. S3). Chiral
phase high performance liquid chromatography (CP-HPLC) anal-
ysis of maize cis-10-OPEA was then performed and resulted in
a single chromatographic peak, whereas a standard of racemic
(9S,13S and 9R,13R) cis-10-OPEA produced two separate peaks
(SI Appendix, Fig. S3). Our results are consistent with recently
published findings demonstrating that maize synthesis of predom-
inantly (9S,13S)-10-OPEA is enzymatic and is the result of an un-
discovered AOC acting on 9-LOX derived allene oxide(s) (34).
Curiously, a portion of the 10-OPEA cyclopentenone appears
to undergo two β-oxidation–like steps to form DA0-4:1 before an
OPR-like mediated cyclopentenone reduction to DA0-4:0 (Fig.
1F and SI Appendix, Fig. S4). This differs from the JA bio-
synthetic pathway where OPR activity first reduces cis-12-OPDA
to a cyclopentanone. Additional processing of DA0-4:0 and DA1-4:0
by a β-oxidation step is envisioned to produce the 9-LOX positional
isomers of dihydro-JA and JA, respectively denoted as DA0-2:0 and
DA1-2:0. To investigate the capacity of healthy control maize plants
to synthesize processed DA pathway metabolites, we applied cis-10-
OPEA to leaves and observed the accumulation of C14 and C12
DAs within 2 h (SI Appendix, Fig. S4). Although not excluding the
potential for multiple origins in nature, these results establish the
capacity of maize to produce cyclopente(a)none DAs.
10-OPEA Acts as a Cytotoxic Phytoalexin. To compare the dynamics
of DA accumulation to structurally related oxylipins and defense
signals, both SLB-infected (local) and adjacent tissues (distal,
1–2 mm from the site of visible necrosis) were analyzed over
48 h. Within 24 h, local infected tissues displayed 8-fold increases
in salicylic acid (SA) and 10-OPEA accumulation, whereas
12-OPDA and JA concentrations only moderately increased
(Fig. 2 A–C and H). By 48 h, 10-OPEA concentrations within
local infected tissues predominated over SA, JA, and 12-OPDA
by >5-fold. Accumulation of DA0-4:0 and DA0-2:0 also signifi-
cantly increased by 48 h, suggesting active processing of 10-
OPEA in plants during disease progression (Fig. 2 G and I).
Interestingly, the 18:3 derivatives 10-OPDA and DA1-4:0 were
7- and 2-fold lower than 10-OPEA and DA0-4:0 in SLB-infected
tissues, respectively, consistent with a tissue bias in 18:2 pre-
cursor present (SI Appendix, Fig. S5). In the tissue distal to SLB
infection, SA accumulation was 6-fold higher than mechanically dam-
aged controls (Fig. 2D); however, there was little or no distal accumula-
tion of 12-OPDA or 10-OPEA family DAs at 48 h (Fig. 2 E and J–L).
Thus, DA production is localized and confined to diseased tissue. In an
attempt tomimic the collapse of plant cells under pathogen attack, tissues
were subsequently crush damaged either 2 or 4 d after SLB inoculation.
Damaged plants with subsequent crush damage produced high levels of
18:2 and 18:3, yet 10-OPEA, 10-OPDA, DA0-4:0, DA1-4:0, and DA0-2:0
levels remained very low (Fig. 2 and SI Appendix, Figs. S5 and S6). In
contrast, SLB-infected tissue subjected to subsequent crush damage
resulted in 10-OPEA accumulation exceeding 150 μg·g−1 FW, which
surpassed 12-OPDA and JA production by>7-fold (SI Appendix, Figs. S5
and S6). On average, diseased tissues also produced higher levels of
DA0-4:0 and DA0-2:0 in response to crush damage, surpassing JA
levels by 15- and 3-fold, respectively.
Collectively, wound-induced accumulation of 10-OPDA and
10-OPEA in SLB-infected tissues and damaged silks can range
between 180 and 340 μg·g−1 FW (SI Appendix, Figs. S5–S7)
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Fig. 2. DAs predominate in localized diseased tissue and display antimicro-
bial, antiinsect, and phytotoxic activity. Average (n = 4, ± SEM) concentrations
(μg·g−1 FW) of (A and D) SA, (B and E) 12-OPDA, (C and F) JA, (G and J) DA0-4:0,
(H and K) 10-OPEA, and (I and L) DA0-2:0 in maize interior whorl tissue fol-
lowing no treatment (open circle), mechanical incision damage (gray circle),
and SLB inoculation (solid triangle). Two segments consisting of the infected
site (local; A–C and G–I) and visually asymptomatic tissue 1–2 mm adjacent to
the treatment site (distal; D–F and J–L) were collected for analysis at indicated
times. (M) Average (n = 8, ± SEM) southern leaf blight (SLB), Fusarium verti-
cillioides (F.v.), and Aspergillus flavus (A.f.) hyphae mass (in milligrams) after
72 h in media containing 0, 50, or 100 μg·ml−1 10-OPEA. (N) Average mass gain
(in milligrams) (n = 20, ± SEM) in H. zea larval growth after 24 h on maize leaf
diet containing 10-OPEA (125–750 μg·g−1 FW). (O) Average (n = 4, ± SEM)
maize leaf lesion area (in square centimeters) at 24 h for phytoalexin
toxicity analysis. Fourth leaves were treated with two 10-μL droplets of 10-
OPEA, 10-OPDA, zealexins (Z; ZA1 and ZA3) and kauralexins (K; KA3 and
KB3) at concentrations of 0.5, 1, and 2 mM dissolved in 95:5:0.1 H2O:DMSO:
Tween 20 (vol/vol/vol). Within plots, different letters (a–d) represent signif-
icant differences at indicated time points (nd, not detected; all ANOVA P <
0.05; Tukey test for corrections for multiple comparisons: P < 0.05).
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concentrations similar to fungal induced levels of terpenoid
phytoalexins (35, 36). Given that oxylipins can function as phyto-
alexins, we investigated the potential for 10-OPEA to act as a di-
rect defense (23, 37). 10-OPEA displayed minor inhibitory effects
against SLB growth in vitro, suggesting appreciable fungal toler-
ance or detoxification (Fig. 2M). Conversely, growth of Fusarium
verticillioides and Aspergillus flavus was significantly suppressed by
10-OPEA at 100 μg·mL−1 (Fig. 2M) and is consistent with the
variation in fungal species tolerance observed in oxylipin antimi-
crobial assays (38). Given the abundance of 10-OPEA wounded
silks and modest accumulation in stems following 6 d of corn
earworm (CEW; Helicoverpa zea) herbivory (SI Appendix, Fig. S7),
we examined a role for 10-OPEA as an insect growth inhibitor.
Over a range of 125–750 μg·g−1 FW, 10-OPEA promoted a con-
centration-dependent inhibition of insect growth (Fig. 2N). These
results indicate that 10-OPEA can function as a broadly active
phytoalexin that shares similar antibiotic potencies to maize zeal-
exins and kauralexins (35, 36). Because phytoalexins can also harm
plant cells (39), we tested the cytotoxic properties of 10-OPEA in
comparison with four different maize phytoalexins (zealexin A1/
A3, kauralexin A3/B3). Comparatively, 10-OPEA and 10-OPDA
were equally cytotoxic and resulted in 35-fold greater lesion
areas than acidic terpenoid phytoalexins tested (Fig. 2O).
10-OPEA and DA0-4:0 Mediate Defense Gene Expression. Given that
cyclopentenones and cyclopentanones can have distinct signaling
properties, we first investigated the potential for 10-OPEA–
mediated transcriptional regulation using the Affymetrix Gene-
Chip maize genome array (7, 12, 16). Treatment with 10-OPEA
after 90 min resulted in 55 genes with a twofold or greater
change in probe intensity at 95% confidence. Among the
strongest induced transcripts were genes associated with OPR
activity, pathogen defense, cell death, calcium signaling, and
redox homeostasis (SI Appendix, Dataset S1). To validate the
microarray results and to compare 10-OPEA activity to other
meaningful metabolites, we treated plants with either SA,
12-OPDA, JA, 10-OPEA, DA0-4:0, or SLB and compared the
expression levels of pathogen- and insect-related genes at 3 h
using qRT-PCR. Defense marker genes included ZmOPR2, the
maize OPR most strongly up-regulated in response to SLB (40);
pathogenesis-related 4b (ZmPR4b) and EF-hand Ca2+-binding
protein (ZmCCD1), genes involved in the promotion of cell
death and pathogen-elicited defense responses (41–43); GST 2
(ZmGST2) and hydrolase (ZmHYD), previously shown to be
induced by both insect- and pathogen-related treatments (35,
44); a stress-inducible oxidoreductase (ZmOXR); and maize
cystatin 9 (ZmCC9), wound inducible protein 1 (ZmWIP1), and
serine protease inhibitor (ZmSerPIN), that encode PIs inducible by
biotic attack (27, 45, 46). The defense genes ZmPR4b, ZmOPR2,
and ZmCCD1 were strongly induced by 10-OPEA and DA0-4:0
treatments with expression levels either statistically equivalent to
or higher than those of 12-OPDA, JA, and SA (Fig. 3 A–C). The
insect- and pathogen-inducible transcripts encoding ZmGST2 and
ZmHYD were also significantly up-regulated by 10-OPEA and
DA0-4:0 (Fig. 3 D and E), suggesting functional overlap with maize
responses to biotic stress. Curiously, ZmOXR transcript accu-
mulation was more responsive to SA than all other treatments
(Fig. 3F). Whereas similar expression patterns between DAs
and established signals were observed in other defense genes
(SI Appendix, Fig. S8), there was a consistent difference be-
tween DAs and jasmonates in the expression of multiple PIs.
As expected, transcript accumulation of pathogen- and insect-
inducible PIs was strongly regulated by JA and 12-OPDA;
however, 10-OPEA and DA0-4:0 resulted in significantly lower
PI transcript accumulation (Fig. 3 G– I). Compared with
jasmonates, weak DA-mediated PI transcriptional regulation
may leave respective protease activities unaltered. To identify ad-
ditional responses, we subsequently performed whole transcriptome
analyses using RNA-Seq. In this experiment, 10-OPEA and
12-OPDA treatments resulted in over 5,000 differentially expressed
candidate genes with 60% being either equally elicited or sup-
pressed by both cyclopentenones at 3 h (SI Appendix, Dataset S2).
Enrichment analyses of transcripts displaying comparatively stron-
ger elicitation to 10-OPEA than 12-OPDA were dominated by heat
shock proteins (HSPs) and GSTs (SI Appendix, Table S2). Tran-
script accumulation specific to 10-OPEA treatments encodes pro-
teins that function in transport and detoxification (e.g., P450s).
Conversely, enrichment of transcripts displaying comparatively
stronger elicitation to 12-OPDA than 10-OPEA were dominated by
genes associated with aromatic amino acid biosynthesis, secondary
metabolism, and jasmonate regulation. Importantly, 12-OPDA
application results in partial conversion to JA and thus the com-
bination of two distinct jasmonate pathway responses (12, 13).
Compared with 10-OPEA, 12-OPDA specific transcripts are
enriched for encoded proteins predicted to function in cell wall
synthesis. Collectively, these analyses confirm a broad coregulation
of the 12-OPDA and 10-OPEA transcriptome (Fig. 3) with narrow
subsets of gene ontology enrichments consistent with defense and
cell fortification for 12-OPDA and detoxification, molecular chap-
erones (HSPs), and transport for 10-OPEA (SI Appendix, Dataset S2
and Table S2).
10-OPEA Cytotoxicity Is Mediated by a Cysteine Protease Inhibitor.
Given DA accumulation in necrotic tissue, comparatively high
cytotoxicity, and weak induction of both ZmCC9 and ZmSerPIN,
established inhibitors of cysteine protease-mediated cell death
(27, 45), we hypothesized that high concentrations of 10-OPEA
may function as a positive mediator of cell death. To compare
lesion-inducing activity, we examined leaves treated with
10-OPEA, DA0-4:0, DA0-4:1, iso-10-OPEA, 18:2, 18:3, and the
phytohormones JA, 12-OPDA, and SA (1, 47). Fumonisin B1
(FB1), a cell death inducing mycotoxin, was also included (48).
Little or no visual evidence for cell death was found in either SA,
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Fig. 3. 10-OPEA and DA0-4:0 induce defense gene expression in maize.
Average (n = 4, ± SEM) qRT-PCR fold change in transcript levels of genes
encoding pathogen and insect defense proteins including (A) ZmPR4b,
(B) ZmOPR2, (C) ZmCCD1, (D) ZmGST2, (E) ZmHYD, (F) ZmOXR, (G) ZmWIP1,
(H) ZmSerPIN, and (I) ZmCC9, 3 h posttreatment (all 2 mM) with SA (dark
gray), 12-OPDA (light green), JA (dark green), 10-OPEA (light gray), DA0-4:0
(black), or control (white; Con1: 95:5:0.1 H20:DMSO:Tween 20, vol/vol/v), or
24 h postinfection with SLB spores (blue bar) and H20 with 0.1% Tween 20
(white; Con2). Within chemical- and SLB-infection treatment plots, different
letters (a–d) represent significant differences (all ANOVA P < 0.05; Tukey test
corrections for multiple comparisons: P < 0.05).
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JA, FB1, or solvent control treated plants at 24 h (Fig. 4A).
However, significant cell death was observed in 10-OPEA–
treated leaves with chlorotic lesion areas at least twofold larger
than all other treatments (Fig. 4A). Interestingly, DA0-4:1 con-
tains an α,β-unsaturated carbonyl similar to 10-OPEA and
12-OPDA yet lesion promotion was greatly reduced. This sug-
gests that the presence of a Michael addition site alone does not
control the observed toxicity (17). Similarly, within 5 h, electro-
lyte leakage in 10-OPEA–treated leaves was at least twofold
greater than all other treatments and remained significantly
higher over a 15-h period (Fig. 4B and SI Appendix, Fig. S9).
DNA fragmentation was also observed in tissues treated with 1–4
mM 10-OPEA, a response consistent with cell death (Fig. 4A)
(49, 50). As cell death processes are often mediated by cysteine
proteases (27, 28), we examined the capacity of 10-OPEA to
induce cysteine protease activity using DCG-04, a biotinylated
substrate that reacts with the catalytic cysteine residue of papain-
like cysteine proteases. Immunoblot detection of DCG-04–
labeled proteases from leaf tissue collected 8 h posttreatment
with 10-OPEA showed stable induction of protease activity, in-
dicated by two bands with the expected masses of 30 and 40 kDa
(Fig. 4C). Preincubation with the cysteine protease inhibitor
E-64 blocked protease labeling, confirming specificity of the probe.
To genetically test if inhibition of cysteine protease activity im-
pairs 10-OPEA–induced lesions, wild-type (HiII) plants and
those overexpressing (oe) the papain-like cysteine PI ZmCC9
(ZmCC9-oe) (27) were comparatively treated with 10-OPEA
and 12-OPDA (Fig. 4D). At 24 h, 10-OPEA–induced lesion
areas were twofold greater than 12-OPDA as expected (Fig. 4 A
and D); however, on ZmCC9-oe plants there was no significant
difference between 10-OPEA and 12-OPDA. Collectively, these
results are consistent with 10-OPEA acting as a broadly toxic
phytoalexin with the additional capacity to activate cysteine
proteases and promote cell death, which is negatively regulated
in part by ZmCC9. As pathogenic fungi are known to manipulate
host lipid metabolism to facilitate pathogenicity (51), we used
wild-type HiII and ZmCC9oe plants to investigate whether SLB
uses 10-OPEA to promote necrotrophy via cysteine protease-
mediated cell death. Three days post-SLB inoculation, ZmCC9oe
plants showed no difference in lesion areas compared with HiII (SI
Appendix, Fig. S10). Curiously, interior whorl SLB infection on
HiII and ZmCC9oe plants revealed higher 10-OPEA levels in
ZmCC9oe plants than HiII (SI Appendix, Fig. S10). Although
speculative, these results hint at the existence of localized ho-
meostatic compensation in 10-OPEA production to counter
ZmCC9oe-mediated cell death inhibition ultimately returning the
phenotype to wild-type HiII lesion levels. Alternatively, the lack of
lesion area differences between SLB-infected HiII and ZmCC9oe
plants suggests that SLB does not rely upon 10-OPEA cytotoxicity
and cysteine protease-activated cell death for pathogenicity.
The existence of a 9-LOX initiated pathway conceptually similar
to the 13-LOX jasmonate pathway was postulated 15 y ago when
10-OPEA and 10-OPDA production was first observed in potato
homogenates (29). Our investigation of pathogen-elicited maize
oxylipins enabled the discovery of 9-LOX–derived cyclopente(a)
none DAs and the characterization of 10-OPEA as a directly de-
fensive phytoalexin with significant cytotoxicity. 10-OPEA is also
the source of nontoxic cyclopente(a)nones both of which have
transcriptional activity. The most critical immediate question left
unanswered is “do maize plants lacking 10-OPEA biosynthesis
display altered biotic or abiotic stress responses?” Given the cur-
rent work and recently published findings, the most elegant way to
address this issue will be the identification of the AOC(s) re-
sponsible for 10-OPEA biosynthesis and creation of null mutant
plants (34). Additional remaining questions involve the occurrence
and function of DAs in multiple grain crops, the role of individual
DAs as transcriptional mediators, and mechanistic basis for dif-
ferential activity in gene expression. Although not as commonly
encountered as jasmonates, in maize, DAs have selective localized
activities consistent with defense and stress response mediation.
Materials and Methods
The isolation and identification of acidic maize metabolites follows from
Schmelz et al. (36) with modification (SI Appendix, SI Materials and Meth-
ods). Quantification of maize metabolites by gas chromatography-mass
spectrometry, chemical treatment of plants and bioassays with C. hetero-
strophus, A. flavus, and F. verticillioides follows from Huffaker et al. (35) as
detailed (SI Appendix, SI Materials and Methods). Unless otherwise noted, all
experiments in this work consisted of at least four or more independent
biological replicates. Additional details on experimental protocols and
methods on can be found in SI Appendix.
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C D
Fig. 4. 10-OPEA promotes lesions in maize. (A) Quantification (in square
centimeters) of macroscopic lesions (cell death) at 24 h and (B) leaf disk percent
(%) ion leakage at 5 h following treatment with two droplets (all 2 mM) of SA,
12-OPDA (gray), JA, 10-OPEA (black), DA0-4:0, DA0-4:1, iso-10-OPEA, fumonisin
B1 (FB1), 18:3 (linolenic acid), 18:2 (linoleic acid), or control solution (95:5:0.1
H20:DMSO:Tween 20, vol/vol/v). Reflective surface deposits were examined and
excluded if lacking lesions. (A, Insert) DNA fragmentation from leaf midrib
tissue 4 h following treatment with 4, 2, and 1 mM 10-OPEA and H2O control.
(C) Activity-based protein profiling demonstrates activation of cysteine pro-
teases by 10-OPEA. Immunoblot detection of DCG-04–labeled leaf extracts 8 h
posttreatment with 2 mM 10-OPEA. Extracts were pretreated with 5 μM E-64,
or untreated, and thereafter labeled with DCG-04. (D) Inhibition of papain-like
cysteine proteases significantly reduces 10-OPEA–mediated cell death at 24 h.
Wild type (HiII) and ZmCC9-overexpression (oe) plants were treated with two
10-μL droplets of 2 mM 10-OPEA, 12-OPDA, or control solution. Within plots,
different letters (a–c) represent significant differences (all ANOVA P < 0.05;
Tukey test corrections for multiple comparisons: P < 0.05; nd, not detected).
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